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E-mail address: kinoue@ucdavis.edu (K. Inoue).Plastidic type I signal peptidase 1 (Plsp1) is necessary for proper chloroplast development although
its mode of action is not completely understood. Here, we demonstrate by immunoblotting and
electron microscopy immunolocalization that Plsp1 is evenly distributed in the envelope and thy-
lakoids of developing chloroplasts in meristems, whereas it is mainly located in thylakoids of devel-
oped chloroplasts in leaf mesophyll. This localization pattern corresponded to accumulation of
transcripts for Plsp1 substrates in the envelope and thylakoids, translocon at the outer-envelope-
membrane of chloroplasts 75 (Toc75) and oxygen-evolving complex subunit 33 (OE33), respectively.
Furthermore, developing chloroplasts processed Toc75 more efﬁciently than did developed chloro-
plasts. These ﬁndings help establish the rationale for multiple localizations of Plsp1.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction rationale for dual-localization of any proteins in the envelopeThylakoids are chloroplastic internal membranes that house the
photosynthetic light reactions. Based on the conserved lipid com-
positions and localizations of lipid biosynthetic enzymes, they
are postulated to derive from the inner membrane of the organelle
envelope [1]. Occasional microscopic observations of contacts be-
tween the two membranes and vesicle-like structures in the stro-
ma suggest that thylakoid development depends on invagination
of the envelope followed by vesicle trafﬁcking [2,3]; however,
mechanistic details of these processes remain elusive.
One feature indicating a close relationship between the enve-
lope and thylakoids is the presence of proteins localized in both
membranes, such as chlorophyll biosynthetic enzymes [4–9].
Envelope-localization of these proteins has been implicated for
the requirement of chlorophyll for import and assembly of light
harvesting chlorophyll-binding proteins (Lhcbs) in the envelope
[10]. This model, however, appears to contradict data showing that
the envelope-localization of chlorophyll b biosynthesis is dispens-
able for thylakoid-accumulation of Lhcbs [11], and that Lhcbs in-
sert into thylakoids via stromal intermediates [12]. Overall, thechemical Societies. Published by E
, light harvesting chlorophyll-
nit 33; Plsp1, plastidic type I
se 2A; qRT-PCR, quantitative
con at the outer-envelope-
sing peptidaseand thylakoids has not been fully explored yet.
A subset of thylakoidal proteins including oxygen-evolving
complex subunits are targeted with signal peptides that are
cleaved by thylakoidal processing peptidase (TPP) [13]. Recently,
we showed that disruption of a gene for a TPP homolog in Arabid-
opsis thaliana, plastidic type I signal peptidase 1 (Plsp1), caused a
severe reduction in thylakoid development [14]. Interestingly,
plsp1 null plants accumulate unprocessed forms of two proteins
in distinct locations, translocon at the outer-envelope-membrane
of chloroplasts 75 (Toc75) and oxygen-evolving complex subunit
33 (OE33) in thylakoids. Furthermore, Plsp1 was targeted to both
the envelope and thylakoids in vitro.
This work originally aimed to conﬁrm the multiple localizations
of Plsp1. Interestingly, immunoblotting assays revealed that it is
mainly present in thylakoids of mature chloroplasts. This apparent
conﬂict was, however, resolved by a subsequent cytological study
showing that the location of Plsp1 depended on chloroplast devel-
opment, correlating with accumulation of transcripts of and
processing activities against Plsp1 substrates in the two compart-
ments. Thus, this work establishes the rationale for the multiple
suborganellar localizations of Plsp1.2. Materials and methods
Plate-grown A. thaliana (Columnia-0) seedlings were used as
sources of chloroplasts for immunoblotting, and as materials forlsevier B.V. All rights reserved.
Fig. 2. Expression patterns of the TOC75 and OE33 genes in meristematic and leaf
mesophyll tissues are different. (A) A. thaliana seedling (bar, 1 mm) and a sectioned
meristem as inset (bar, 500 nm). (B) Quantitative reverse transcriptase-mediated
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logical assays. Chloroplasts isolated from pea seedlings were used
for the chase assay. Details of plant growth, chloroplast prepara-
tion, protease treatment of isolated chloroplasts and thylakoids,
the anti-Plsp1 antibody preparation, immunoblotting, qRT-PCR,
chase assay, and electron microscopy immunolocalization are de-
scribed in Supplementary data.
3. Results
3.1. Plsp1 is only detectable in thylakoids of mature chloroplasts
To facilitate in vivo localization of Plsp1, we prepared an anti-
body against its C-terminus, which is predicted to be highly anti-
genic and unique within sequences found in A. thaliana database,
and conﬁrmed its speciﬁcity (Supplementary Fig. 1). Using this
antibody, the location of Plsp1 was examined in chloroplasts iso-
lated from 4-week-old A. thaliana seedlings. Previously, Plsp1 im-
ported into isolated chloroplasts was (i) partly digested by
trypsin that can traverse the outer but not the inner membrane
of the chloroplast envelope and (ii) recovered to both the envelope
and thylakoid fractions [14]. In contrast to those results, the endog-
enous Plsp1 appeared completely resistant to trypsin, which par-
tially digested an outer envelope protein (Toc75) but did not
degrade an inner envelope protein (Tic110) and a stromal protein
(Hsp93; Fig. 1A). In addition, Plsp1 was recovered exclusively in
the thylakoid fraction, similar to a thylakoidal control [ATP syn-
thase c-subunit (CF1c)], but different from Toc75 (Fig. 1B, lanes
3 and 4). We also used isolated thylakoids to show the lumen-
localization of the C-terminal catalytic domain of Plsp1, the correctFig. 1. Plastidic type I signal peptidase 1 (Plsp1) was detected only in thylakoids of
chloroplasts from mature A. thaliana seedlings. (A) Immunoblots of proteins from A.
thaliana chloroplasts (2.5 lg chlorophyll) without any treatment (chl), treated with
buffer () or trypsin-containing buffer (+) followed by separation into supernatant
(s) and pellet (p) fractions, or treated with trypsin in the presence of 1% Trixon X-
100 (TX-100+) using antisera against proteins indicated. The trypsin-resistant
portion of Plsp1 is indicated with an asterisk. (B) Immunoblots of proteins from A.
thaliana chloroplasts (2.5 lg chlorophyll) (chl), those fractionated to total mem-
brane (T/E) and envelope (E) fractions, or thylakoids (T) with antisera against
proteins indicated. Black lines indicate grouping of images from different portions
of the same membrane.
PCR (qRT-PCR) results shown as percentage of the sum of cDNA copy numbers in
the two samples. Data represent the mean of three independent biological
replicates. Error bars indicate standard deviations.
Fig. 3. Processing activity against translocon at the outer-envelope-membrane of
chloroplasts 75 (Toc75) is higher in chloroplasts from young seedlings than those
from mature tissues. Phosphorimages showing conversion of the intermediate to
the mature form during the chase reaction. Chloroplasts isolated from folded leaves
(young) or fully-unfolded leaves (mature) of pea seedlings were used. tl, Translation
product (10% input). Precursor (pr75), intermediate (i75), and mature (m75) forms
are indicated. The bar graph shows the average fraction of the mature form relative
to the total amount of proteins recovered in young and mature chloroplasts by six
independent experiments. Error bars indicate standard deviations. Under parallel
conditions, oxygen-evolving complex subunit 33 (OE33) processing took place in
comparable rates by the two chloroplast types (Supplementary Fig. 4).
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These results support localization of Plsp1 in thylakoids, but con-
trast with the previous data suggesting its presence in both thylak-
oids and the envelope [14].
3.2. Expression of genes for Plsp1 substrates varies with plant
development
In pea seedlings, TOC75 is most actively expressed in tissues
undergoing rapid plastid development [15]. If this is also the case
in A. thaliana, Plsp1 may not exist in great quantities in the enve-
lope to process Toc75 in mature chloroplasts, which should pre-
dominate in materials for the above immunoblotting assays. To
test this possibility, we used qRT-PCR to examine expression pat-
terns of genes for the two putative Plsp1 substrates as well as that
of PLSP1 in meristematic and mature leaf tissues (Fig. 2A). Analyz-
ing multiple reference genes should increase the accuracy of RT-
PCR expression proﬁling [16]. Thus, as references, we chose two
genes encoding catalytic subunits of Ser/Thr protein phosphatase
2A (PP2A), whose expression patterns appear consistent over a
wide range of developmental stages by microarray analyzes [17],
although their expression in meristems had not been examined.
When the data were normalized by the amount of RNA used forFig. 4. Immunogold localization of plastidic type I signal peptidase 1 (Plsp1) in A. thali
chloroplasts in meristematic cells (1,3), and those of developed chloroplasts in leaf mesop
BSA (1,2) or antigen peptide (Plsp1C; 3,4). Lower-magniﬁcation images as insets in (3
indicated with white arrows and the envelope membranes as ‘‘env”. Bars are 200 nm. Add
antibody are found in Supplementary Fig. 5A. (B) Average numbers of gold particles in th
independent chloroplasts. Error bars show standard deviations. Asterisks in (1) and (2) i
(P < 3  106).the analysis, transcripts for both PP2A subunits were consistently
ca. 1.5-fold more in meristem-containing tissues than in mature
leaves (Fig. 2B). These results validated the reproducibility of the
assays, and also agreed with one of the roles of PP2A in cell division
[18], which is signiﬁcantly active in meristems. Under this condi-
tion, expression of TOC75was ca. 2.4-fold higher in meristems than
in leaves (Fig. 2B). By contrast, the level of the OE33 transcript was
ca. 2-fold higher in mature leaves than in meristems, whereas that
of the Plsp1 transcript was almost consistent in the two tissues
(Fig. 2B).
3.3. Chloroplasts from young leaves process Toc75 more efﬁciently
than do those from mature tissues
The above gene expression data prompted us to hypothesize
that meristematic chloroplasts have a higher processing activity
against Toc75 than the developed chloroplasts in mature leaves.
We wished to test this possibility; however, we could not isolate
chloroplasts from A. thaliana meristems. Previously, folded young
leaves and fully-unfolded mature leaves of pea were used to dem-
onstrate the developmental change of TOC75 expression [15], and
chloroplasts from those two tissues were shown to be develop-
mentally distinct [19]. We also validated developmentalana chloroplasts by electron microscopy. (A) Representative images of developing
hyll cells (2,4) probed with the antibody against Plsp1 (aPlsp1C) preincubated with
) and (4) demonstrate preservation of the subcellular structure. Some signals are
itional images of meristematic chloroplasts probed with BSA-preincubated-aPlsp1C
ylakoids (T), envelope (E), and stroma (S) per lm2 of 39 (1), 12 (2), 25 (3) or 10 (4)
ndicate that the signal intensities are signiﬁcantly different from that in the stroma
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(Supplementary Fig. 3), and used them for the processing assay.
After initial import, processing of the proteins in the re-isolated
chloroplasts was examined at varying chase times (Fig. 3). During
the 20 min of the chase, the level of mature Toc75 (m75) increased
about 43% (from 21% to 30% of total imported proteins) in young
chloroplasts, whereas that in developed chloroplasts increased
about 12% (from 16% to 18%). The rate of m75-formation by the
former materials was slightly but signiﬁcantly higher than that
by the latter (P = 0.029).
3.4. Location of Plsp1 depends on chloroplast development
The above ﬁndings suggest that envelope-localization of Plsp1
may be more prominent in developing chloroplasts than that in
developed chloroplasts. To directly test this possibility, we per-
formed immunolocalization of Plsp1 under the electron micro-
scope. Since the anti-Plsp1 antibody we prepared did not cross-
react with the pea protein, we examined meristematic and leaf
mesophyll tissues of A. thaliana. In meristems, the amount of gold
particles was low; however, the degree of labeling in chloroplasts
probed with BSA-pretreated antibody was 5.8-times higher than
that with antigen-pretreated antibody (Fig. 4B1 and B3;
P = 1.5  109), and was also 3.9-times higher than that in non-
chloroplastic compartments (Supplementary Fig. 5B;
P = 1.3  107), supporting the speciﬁcity of the immunolabeling.
In these developing chloroplasts, gold particles were found almost
evenly in the envelope and thylakoids (Fig. 4B1; P = 0.58). In meso-
phyll chloroplasts, by contrast, signals were detected almost exclu-
sively in thylakoids (Fig. 4B2), conﬁrming the immunoblotting
results (Fig. 1).
Considering that thylakoids arise from the envelope, most thy-
lakoidal proteins may reside in the envelope of young developing
chloroplasts. To test this possibility, we conducted immunolocali-
zation of OE33 in the tissues similar to the ones used for immuno-
localization of Plsp1. As shown in Supplementary Fig. 6, in contrast
to the case with Plsp1, speciﬁc signals were detected nearly exclu-
sively in thylakoids in both meristematic and leaf mesophyll cells.
Thus, envelope-localization may not be common to thylakoidal
proteins.4. Discussion
The current results indicate that in developing chloroplasts,
Plsp1 is localized almost evenly in the envelope and thylakoids
to process Toc75 and OE33, respectively, whereas it mainly exists
in thylakoids to catalyze maturation of newly targeted OE33 in
developed chloroplasts. How unique is this localization pattern?
Previous immunoblotting studies showed that several chlorophyll
biosynthetic enzymes were distributed almost evenly to the two
membranes of mature chloroplasts [5–7], although their location
in developing chloroplasts remains unknown. Interestingly, an-
other enzyme, protochlorophyllide oxidoreductase, was found
mainly in thylakoids of developing chloroplasts, whereas it existed
primarily in the envelope of mature chloroplasts of barley seed-
lings [4]. This pattern is apparently opposite to that of Plsp1, sug-
gesting the presence of multiple mechanisms for protein
localization to both the envelope and thylakoids.
Various observations indicate that thylakoids derive from the
plastid envelope. However, molecular details of this process are
not fully understood. Elucidating the mechanism of Plsp1 localiza-
tion may help address this long-standing question. One hypothesis
poses invagination of the envelope followed by vesicle trafﬁc in the
initial stage of thylakoid development [2,3]. In this scenario, Plsp1
may be sorted to the envelope, then be included in the buddingvesicles with other membrane components, ultimately generating
thylakoids. It is also possible that there are two distinct destina-
tions of Plsp1: one is targeted only to the envelope whereas an-
other is sorted to thylakoids via a stromal intermediate.
Addressing these possibilities should contribute to further under-
standing of thylakoid biogenesis.
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